Introduction
Magnetic fluids are colloidal suspensions of nanosized magnetic particles dispersed in an appropriate carrier fluid. The magnetic fluid has magnetic properties of magnetic nanoparticles and fluidity of carrier fluid [1, 2] . Magnetic fluids are characterized by higher heat transfer and the ability to use external magnetic field to create forced circulation [3] [4] [5] .
The temperature dependence of the saturation magnetization and the presence of magnetic field are the basis for a thermomagnetic convection of magnetic fluid. The temperature gradient in fluid will lead to spatial difference in the magnetization due to the temperature dependence of nanoparticles' magnetization which leads to fluid movement [6] .
For further details, such as the spectrum of the local electric field, fluid flow and heat transfer in the response to the change of the incident magnetic field can be sometimes obtained only by using numerical simulations [5, 7] .
Considering that not many papers which deal with the thermal distribution and fluid flow of magnetic fluid were published we present the design of numerical model for evaluating thermal field and fluid flow in cooling fluid. Cooling of heating wire spiral is by natural convection or by thermomagnetic convection. Results from numerical simulation confirm well with experimental measurement. * corresponding author; e-mail: michal.kosterec@tuke.sk
Materials and methods
Transformer oil Mogul is used for experimental measurement. Magnetic fluid consists of transformer oil Mogul and Fe 3 O 4 magnetic nanoparticles whose concentration is 0.15% volume of transformer oil. Magnetic fluid was prepared according to [8] .
Transformer oil or magnetic fluid were placed in cylindrical container 75 × 70 mm 2 . Fluid samples were heated up using heating wire spiral with 8 turns and crosssection of 0.75 mm 2 . The heating wire spiral was powered by DC current of 7 A (applied magnetic field is 1.7 mT). Temperature was measured by two thermal sensors placed in the container, one above the heating wire spiral, second near the container wall ( Fig. 1 ). Measurement lasted until fluid reached 100
• C at temperature sensor 1. The thermal distribution and fluid flow were obtained using ANSYS Workbench software. Pressure- (937) based solver was used with the Boussinesq model which computes buoyancy forces in transformer oil. This model treats density as a constant value in all solved equations, except for the buoyancy term in the momentum equation
where ρ 0 is the density of the flow, T 0 is the operating temperature and β is the thermal expansion coefficient. Equation (1) is obtained by using the Boussinesq approximation ρ = ρ 0 (1 − β∆T ) to eliminate ρ from the buoyancy term.
Magneto
The properties of transformer oil and magnetic fluid are in Table I [9, 10] . 
Results and discussion
In both cases the magnetic forces act perpendicularly to buoyant forces. Figure 2 shows rise in temperature of transformer oil during time period obtained from simulation and experimental measurement. From graph it can be seen that temperature difference between two temperature sensors is rising with time and reaches up to 30 • C at time 1705 s. Thermomagnetic convection and natural convection occurred in magnetic fluid. The fluid with higher temperature above spiral has a lower magnetic permeability due to temperature dependence of magnetization. It is pushed out towards wall of container by natural convection where it sweeps cold wall and releases heat to the ambient with temperature 24
• C and cools down. The magnetic permeability of cooled down magnetic fluid rises and magnetic fluid is subsequently driven to the hot spiral by magnetic field and thus creating forced circulation in magnetic fluid (Fig. 7) . The magnetic fluid with lower temperature at the bottom of the container is driven in to the center of spiral where it extracts and dissipates the heat generated in spiral (Fig. 7) . The temperature difference in volume of magnetic fluid is not as much as in transformer oil.
The temperature difference between simulation and experimental measurement is maximum 4
• C for transformer oil and 8
• C for magnetic fluid (Fig. 2, Fig. 5 ). From simulation results the heating wire spiral reaches temperature 100
• C in transformer oil at time 765 s, while in magnetic fluid it is at time 1107 s. The heat flux from container to ambient using magnetic fluid was 481.15 W/m 2 average while using transformer oil it was 351.25 W/m 2 average. The difference is 129.9 W/m 2 which confirms that magnetic fluid has better cooling ability than transformer oil [3, 4, 7] .
Conclusion
The experimental and numerical models conducted were aimed to investigate thermal field and fluid flow in transformer oil and magnetic fluid. The numerical model calculated fluid flow and thermal field and it shows the same trends as obtained from measurement even though small inaccuracies were present.
Comparing the results it can be seen that magnetic fluid has better cooling ability than transformer oil. Cooling using magnetic fluid can be useful for cases where convectional convection fails to provide adequate heat transfer or for cooling electromagnetic machinery in limited space. The fluid flow can be driven by using external magnetic field.
